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ORIGINAL ARTICLE 

RUNX family members are covalently modified and regulated by 
PIASl -mediated sumoylation 

J-H Kim^'^ J-W Jang^'^ Y-S Lee\ J-W Lee\ X-Z Chi\ Y-H Li\ M-K Kim\ D-M Kim\ B-S Choi\ J Kim\ H-M Kim^ A van Wijnen^ 
IIY Park"^ and S-C Bae^ 

Transcription factors of the RUNX family (RUNXs), which play pivotal roles in normal development and neoplasia, are regulated by 
various post-translational modifications. To understand the molecular mechanisms underlying the regulation of RUNXs, we 
performed a large-scale functional genetic screen of a fly mutant library. The screen identified dPias (the fly ortholog of mammalian 
PIASs), an E3 ligase for the SUMO (small ubiquitin-like modifier) modification, as a novel genetic modifier of Iz (the fly ortholog of 
mammalian RUNXS). Molecular biological analysis revealed that Iz/RUNXs are sumoylated by dPias/PIASI at an evolutionarily 
conserved lysine residue (K372 of Iz, K144 of RUNX1, K181 of RUNX2 and K148 of RUNXS). PIASl -mediated sumoylation inhibited 
RUNX3 transactivation activity, and this modification was promoted by the AKT1 kinase. Importantly, PIASl failed to sumoylate 
some RUNX1 mutants associated with breast cancer. In nude mice, tumorigenicity was promoted by RUNXS bearing a mutation in 
the sumoylation site, but suppressed by wild-type RUNXS. Our results suggest that RUNXs are sumoylated by PIASl, and that this 
modification could play a critical role in the regulation of the tumor-suppressive activity of these proteins. 
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INTRODUCTION 

In mammals, the RUNX family of genes consists of RUNX1/AML1, 
RUNX2 and RUNXS} The Drosophila orthologs of mammalian 
RUNX family genes are Runt and lozenge {Iz) that respectively 
control body segmentation and eye development.^ All RUNX 
family members share the central Runt domain, through which 
the proteins interact with CBpp and bind to a specific DNA 
sequence. The RUNX family members play pivotal roles in normal 
development and neoplasia. RUNXl, which is required for 
hematopoiesis, is the most frequent target of chromosomal 
translocations associated with human leukemia.^'^ RUNXl is also 
involved in other types of cancer: for example, mutations in both 
RUNXl and CBFB (which encodes CBpp) are of clinical significance 
in breast cancer.^'^ Deletions of RUNXl in esophageal cancer have 
also been identified.'' RUNXl is essential for osteogenesis,^ and 
/?L/nx2-knockout mice display complete bone loss because of 
arrested osteoblast maturation.^'^° RUNXS is involved in 
neurogenesis" and thymopoiesis,^^ and also functions as a 
tumor suppressor. Targeted deletion of RunxS in mice induces 
hyperplasia of the gastric epithelium, and loss of RUNXS 
expression because of hypermethylation of the RUNXS promoter 
region is associated with human gastric cancer.^^ Subsequent 
studies have revealed that inactivation of RUNXS is associated not 
only with gastric cancer but also with cancers of the lung, bladder, 
colon and other organs.^^"^^ Paradoxically, expression of RUNXS is 
increased in some cancers, including skin cancer,^^ head and neck 
squamous cell carcinoma^° and ovarian cancer.^^ RUNXs can be 



regulated by a multitude of covalent post-translational 
modifications, including phosphorylation, ubiquitination and 
acetylation.^^ For example, RUNXS is phosphorylated by various 
kinases,^^ acetylated by pSOO^^ and ubiquitinated by Mdm2 ES 
ubiquitin ligase.^^'^^ 

The small ubiquitin-like modifier (SUMO) is covalently linked to 
a variety of proteins and deconjugated by SUMO-specific 
proteases.^^ In mammals, three SUMO proteins are expressed: 
SUM01 (also known as PIC1, UBL1, Sentrin, GMP1 and SMTSC), 
SUM02 (also known as SMTSA) and SUMOS (also known as 
SMTSB). The sumoylation cycle is remarkably similar to that of 
ubiquitination. Mature SUMO is activated by the El enzyme, 
conjugated by the E2 enzyme and ligated to its substrate by the 
ES ligase. Upon completion of the process, SUMO can be 
dissociated from the substrate by a deconjugation enzyme and 
recycled. Drosophila has only one form of ES, dPias (also called 
Su(var)2-1 0 or Zimp), that is required for normal blood cell and eye 
development.^^ The PIAS family was originally identified by 
screening for proteins that interact with signal transducer and 
activator of transcription.^^ Mammals have four genes encoding 
ES ligases: PIASl, PIASl (also called PIASxa and p spliced forms), 
PIASS and PIAS4 (also called PIASy). Members of the PIAS family 
can either activate or repress transactivation activity of target 
protein, depending on the target gene and interactions with 
transcriptional regulators.^^'^^ 

Several lines of evidence point to a role for the SUMO 
modification pathway in tumorigenesis. Sumoylation can regulate 
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the activities of important tumor-suppressor proteins, including 
p53, retinoblastoma protein (pRB), p63, p73 and murine double 
minute 2 (Mdm2).^°'^^ For example, p53 is modified by SUMOI at 
a single site, K386,^^ and the sumoylation of p53 promotes 
apoptosis.^^ Consistent with this, PIAS1 is frequently down- 
regulated in multiple epithelial tumor types.^^ 

In this study, we performed a large-scale functional genetic screen 
of a Drosophila mutant library and identified dPias as a novel Iz/RUNX 
modifier. We also show that dPias/PIAS sumoylates Iz/RUNXs at an 
evolutionarily conserved single lysine residue, and that this 
modification can regulate the tumor-suppressor activity of RUNXs. 

RESULTS 

A large-scale genetic-modifier screen identified dPias as a 
regulator of Iz/RUNXs 

The fly ortholog of mammalian RUNXs, Iz, regulates eye 
development.^^"^'' To identify genetic modifiers for Iz/RUNXs, 
we performed a large-scale functional genetic screen^^ using the 
GenExel fly mutant library (Taejon, Korea).^^ Among the candidate 
mutant lines, G2410 had a P-element insertion in the promoter 
region of dPias that encodes SUMO E3 ligase. We further 
confirmed the genetic interaction between dPias and Iz using 
UAS-dPias and UAS-lz. Glass multimer reporter (GM/?)-Ga/4-d riven 
eye-specific expression of either UAS-lz or UAS-dPias led to a 
weak rough-eye phenotype (Supplementary Figure S1A; UAS-lz, 
UAS-dPias). When both Iz and dPias were expressed by the same 
driver, the rough-eye phenotype was markedly exacerbated 
(Supplementary Figure S1A; UAS-lz -\- UAS-dPias). However, over- 
expression of a dPias mutant defective in SUMO E3 ligase activity 
{UAS-Pias-C388A) did not affect the eye phenotype of /z-over- 
expressing flies (Supplementary Figure S1B). 

Next, we obtained two independent inducible RNA interference 
(RNAi) alleles of dPias (UAS-dPias-RMA\) that knocked down dPias in 
the eye when induced by Gal4 drivers (Supplementary Figure 
SIC). The GMR-driven RNAi-mediated knockdown of dPias led to a 
severe rough-eye phenotype (Supplementary Figure S1C, left). 
Notably, GMR-dmen overexpression of Iz in fly eyes dramatically 
reduced the severity of the c/P/as-knockdown phenotype 
(Supplementary Figure SIC, right). These results suggest that 
dPias contributes to fly eye development by regulating Iz, and that 
E3 enzyme activity of dPias is essential for this regulation. Reverse 
transcriptase-PCR analysis confirmed overexpression of dPias and 
dPias-C388A and knockdown of dPiasI by the heat-shocl<^^-Gal4 
driver (Supplementary Figure S1D). 

Mammalian PIAS1 sumoylates RUNX family members 
We next investigated whether RUNX3 interacts with one or more 
mammalian PIASs. To this end, we coexpressed Myc-tagged RUNX3 
(Myc-RUNX3) with hemagglutinin (HA)-tagged PIAS1, PIAS2a, 
PIAS2P, PIAS3 or PIAS4 (HA-PIASs) in HEK293 cells and monitored 
the interactions of these proteins by co-immunoprecipitation (co- 
IP)^^ and immunoblotting (IB). RUNX3 interacted most strongly 
with PIAS1, but also bound PIAS3 and PIAS4 (Figure 1a). 

To identify the region of RUNX3 essential for the interaction 
with PIAS1, we coexpressed serial deletion constructs of Myc- 
RUNX3 with HA-PIAS1 and analyzed their interactions by IP and IB. 
PIAS1 co-IP with all RUNX3 deletion mutants with the exception of 
RUNX3-ARunt that lacks the Runt domain (Supplementary Figure 
S2). Thus, RUNX3 interacts with PIAS1 through the Runt domain. 

To examine the sumoylation of RUNX3 by PIAS1, we coex- 
pressed FLAG-SUM01 and Myc-RUNX3 with HA-PIAS1. Coexpres- 
sion of FLAG-SUM01 with Myc-RUNX3 resulted in a shift of a small 
amount of RUNX3 by ~17kDa (Figure lb, indicated by the 
arrowhead), similar to other sumoylated proteins. The intensity 
of the faint shifted band was markedly increased by co- 
expression of HA-PIAS1 (Figure lb, indicated by arrow). However, 
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HA-PIAS1-C351A, an E3 activity-defective mutant,"^^ failed to 
sumoylate RUNX3, even though the mutant PIAS1 could interact 
with RUNX3 (Figure lb, RX3/PIAS1). IP with anti-Myc (RUNX3) 
antibody followed by IB with anti-FLAG (SUMOI) antibody 
detected sumoylated RUNX3 (Figure lb). 

To determine whether endogenous RUNX3 is sumoylated by 
PIAS1, we coexpressed HA-PIAS1 and FLAG-SUM01 in HEK293 
cells and measured sumoylated RUNX3 by IP and IB. Endogenous 
RUNX3 was also sumoylated weakly by expression of SUMOI 
alone, and this sumoylation was increased by coexpression of 
PIAS1 (Figure 1c). Consistent with this, small interfering 
RNA-mediated knockdown of PIAS1 markedly reduced sumoyla- 
tion of endogenous RUNX3 (Figure Id). These results indicate that 
RUNX3 is post-translationally sumoylated by PIAS1. 

We next examined whether other RUNX family members could 
also be sumoylated by PIAS1. Coexpression of Myc-RUNXs with 
HA-PIAS1 and FLAG-SUM01 resulted in band shifts of RUNX1 and 
RUNX2 as well as RUNX3, suggesting that all three RUNXs are 
target of PIAS1 -mediated sumoylation (Figure 1e). 

The sumoylation reaction requires the presence of a C-terminal 
diglycine^^ sequence on the SUMO molecule that is necessary for 
covalent attachment of SUMO to the target lysine residue. 
We mutated these C-terminal GG residues to alanines (SUMOI - 
G> SUMOI -A) and measured the efficiency of sumoylation of 
RUNXs by the mutant protein. PIAS1 failed to conjugate SUMOI -A 
to RUNXs, suggesting that SUMO modification of RUNX3 is 
because of the formation of a covalent bond involving diglycine 
(Figure 1e). 

As noted above, the SUMO family contains three functional 
members. To gain insight into the specificity of sumoylation of 
RUNX3, we measured the efficiency of sumoylation of RUNX3 by 
SUMOI, SUM02 and SUM03. All three SUMOs could be 
conjugated with RUNX3 by PIAS1, and the reaction was most 
efficient with SUMOI (Figure If). 

RUNX3 is sumoylated on lysine 148 

To identify the sumoylation site of RUNX3, we tested the 
PIAS1 -mediated sumoylation of truncated RUNX3 derivatives. 
The results revealed that the sumoylation site resides within 
amino acids^^ 1-187 of RUNX3 that contains seven lysine residues 
(Figure 2a). 

SUMO conjugation often occurs on lysine (K) residues within 
the general minimal consensus sequence ^KxD/E (^ is a large 
hydrophobic residue).^^ Because this consensus sequence is 
absent from the amino acid sequence of RUNX3, we individually 
replaced each of the seven lysine residues in the Runt domain 
with arginine (R). To test the effect of each mutation on RUNX3 
sumoylation, lysates of cells coexpressing each Myc-tagged lysine 
mutant of RUNX3 with SUMOI and PIAS1 were subjected to IB. 
RUNX3 was not sumoylated when K148 was replaced by R, 
whereas sumoylation of RUNX3 was unaffected by replacement of 
other lysine residues (Figure 2b), indicating that K148 is a major 
site for RUNX3 sumoylation. 

Sumoylation of RUNX family members by dPias/PIAS is 
evolutionarily conserved 

Sequence comparisons show that the K148 residue and the 
surrounding amino acid sequence of RUNX3 are evolutionally 
conserved from flies to humans (Figure 2c). To determine whether 
other RUNX family members are also modified by sumoylation 
through this conserved K residue, we mutated corresponding 
residues K144 of RUNX1 (RUNX1-K144R) and K187 of RUNX2 
(RUNX2-K187R). Analysis of the effect on PIAS-mediated sumoylation 
revealed that these mutations abolished PIAS1 -mediated sumoyla- 
tion of RUNX1 (Figure 2d) and RUNX2 (Figure 2e), suggesting that all 
three mammalian RUNX family members can be modified by PIAS1- 
mediated sumoylation at the conserved K residue. 
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Figure 1. Mammalian PIAS1 sumoylates RUNX family members, (a) HA-tagged human PIAS1, PIAS2a, PIAS12P, PIASS or PIAS4 
were coexpressed with Myc-tagged RUNX3 in HEK293 cells. The RUNX3-PIAS interaction was measured by immunoprecipitation^^ and IB. 
(b) HA-PIAS1 or HA-PIAS1-C351 A (defective in SUMO E3 ligase activity) was coexpressed with FLAG-SUM01 and Myc-RUNX3, and RUNX3 
sumoylation and the RUNX3-PIAS1 interaction were analyzed by IP and IB. (c) HA-PIAS1 and FLAG-SUM01 were expressed in HEK293 cells. 
Sumoylation of endogenous RUNX3 was detected by IP with anti-RUNX3 antibody (5G4) and IB with anti-FLAG antibody, (d) HEK293 cell were 
transfected with FLAG-SUM01 and treated with si-PIASI (lOOnivi). Two independent si-PIASI RNAs #1 and #2 were used. Sumoylation of 
endogenous RUNX3 was detected by IP with anti-RUNX3 antibody (5G4) and IB with anti-FLAG antibody, (e) Myc-tagged RUNX1, RUNX2 or 
RUNX3 were coexpressed with HA-PIAS1 and FLAG-SUM01 (wild-type (G) or G>A mutant (A)), and sumoylation of the RUNX family members 
was analyzed by IB. (f) FLAG-tagged SUM01, SUM02 and SUM03 were coexpressed with HA-PIAS1 and Myc-RUNX3. Lysates were analyzed by 
IB using the indicated antibodies. 



Similarly, Drosophila \z was also sumoylated by dPias (Figure 2f). 
K372 of Iz corresponds to K148 of RUNX3; when this residue was 
replaced by R (lz-K372R), Iz was not sumoylated (Figure 2f). Thus, 
sumoylation of Iz/RUNX by dPias/PIAS at a specific lysine residue is 
evolutionarily conserved. 



PIAS1 -mediated sumoylation inhibits transactivation activity of 
RUNX3 

We then asked whether the PIAS1 -mediated sumoylation 
regulates the transcriptional activity of RUNX3. To this end, 
we transfected HEK293 cells with the reporter plasmid 
6xOSE-luciferase that contains six RUNX binding sites and 
responds to the expression of RUNX family members.^^ 
Expression of RUNX3 increased the reporter activity up to 
4.3-fold (Figure 3a). Notably, coexpression of FLAG-SUM01 or 
HA-PIAS1 inhibited RUNX3-mediated reporter activity, and 
coexpression of both FLAG-SUM01 and HA-PIAS1 nearly abolished 
activity (Figure 3a). Expression of RUNX3 with a mutation in the 



sumoylation site (RUNX3-K148R) also increased reporter activity as 
strongly as wild-type RUNX3, but this increase was not inhibited 
by the expression of FLAG-SUM01 and HA-PIAS1 (Figure 3b). 

We have shown that the on/off switch governing p2i^^^^^'P 
(p21) expression is tightly regulated and that RUNX3 is involved in 
both turning on and turning off p21 expression. To determine 
the effect of PIAS1 -mediated RUNX3 sumoylation on p21 
expression, we transfected HEK293 cells with a reporter plasmid 
expressing p2 7-promoter-luciferase.^^ Expression of RUNX3 
increased the reporter activity by up to fourfold, and 
coexpression of FLAG-SUM01 and HA-PIAS1 inhibited RUNX3- 
mediated reporter activity (Figure 3c). 

Next, we expressed Myc-RUNX3 or Myc-RUNX3-K148R with 
FLAG-SUM01 and HA-PIAS1 in HEK293 cells and measured the 
expression levels of endogenous p21. Expression of RUNX3 with 
FLAG-SUM01 and HA-PIAS1 decreased the p21 level, but 
Myc-RUNX3-K148R did not (Figure 3d). Together, these results 
suggest that PIAS1 -mediated sumoylation inhibits the trans- 
activation activity of RUNX3. 
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Figure 2. RUNX3 is sumoylated on lysine 148 that is evolutionarily conserved, (a) Schematic representation of human RUNX3. Lysine 
residues around the Runt domain are indicated. To identify the region required for sumoylation, Myc-RUNXB deletion mutants 
were coexpressed with HA-PIAS1 and FLAG-SUMOl in HEK293 cells. RUNX3 sumoylation was analyzed by IB. (b) Each lysine (K) residue of 
RUNX3 was individually mutated to arginine (R), and each l\/lyc-RUNX3-KR mutant was coexpressed with HA-PIAS1 and FLAG-SUMOl 
in HEK293 cells. RUNX3 sumoylation was analyzed by IB. (c) Amino acid sequence around the RUNX3 sumoylation site (K148) was compared 
among RUNX3 family members, c, chicken; d, Drosophila melanogaster, h, human; m, mouse; r, rat; x, Xenopus laevis; z, zebra fish. The conserved 
lysine residues used for RUNX3 sumoylation are indicated by shadow. GenBank accession numbers for each protein: human 
RUNX1, NP_001 001 890.1; human RUNX2, NP_001 265407; human RUNX3, NP_004341.1; mouse, NP_062706.2; rat, NP_569109.1; 
chicken, XP_001232978, Xenopus: NP_001 182313.1; zebrafish, NP_571679.2; Drosophila, AAC47196. (d) Myc-RUNXI-WT and Myc-RUNXI- 
K144R were coexpressed with HA-PIAS1 and FLAG-SUMOl in HEK293 cells. RUNX1 sumoylation was analyzed by IB. (e) Myc-RUNX2-WT 
and Myc-RUNX2-K187R were coexpressed with HA-PIAS1 and FLAG-SUMOl in HEK293 cells. RUNX2 sumoylation was analyzed by IB. 
(f) Myc-lz-WT and Myc-lz-372 were coexpressed with HA-dPias and FLAG-dSumo in HEK293 cells. The Iz sumoylation was analyzed 
by IB. 



PIAS1 -mediated sumoylation is not involved in nuclear localization 
of RUNX3 

Sumoylation often contributes to the subcellular localization of 
transcriptional regulators. For example, the transcriptional 
corepressor CtBP is normally nuclear, but mutation of its single 
SUMO modification site results in cytoplasmic localization."^^ To 
investigate whether SUMO modification contributes to the 
regulation of subcellular localization of RUNX3, we transfected 
HeLa cells with Myc-RUNX3, HA-PIAS1 or both constructs. 
Immunofluorescence analysis revealed that both RUNX3 and 
PIAS1 were localized to the nucleus (Figure 3e, top panels), and 
the nuclear localization of RUNX3 was not altered by coexpression 
of PIAS1 (Figure 3e, middle panels). RUNX3 with a mutation in the 
sumoylation site (Myc-RUNX3-K148R) was also localized to 
the nucleus (Figure 3e, bottom panels). These results suggest 
that PIAS1 -mediated sumoylation is not involved in nuclear 
localization of RUNX3. 



CBFP2 does not interfere with PIAS1 -mediated RUNX3 
sumoylation 

Because the sumoylation site of RUNX3 is located within the Runt 
domain through which RUNXs heterodimerize with CBFp, we asked 
whether the K148 residue is involved in this interaction. The crystal 
structure of Runt domain/CBEp/DNA"^^ shows that the K148 residue 
is exposed on the surface, suggesting that it is not involved in the 
RUNX3-CBF(3 heterodimerization (Supplementary Figure S3A). To 
test this idea, we expressed Myc-RUNX3-WT or Myc-RUNX3-K148R 
with or without CBFP2. IP and IB analysis revealed that RUNX3- 
K148R could effectively interact with CBFP2 (Figure 3f). 

We also analyzed whether CBF(32 interferes with RUNX3 
sumoylation. Expression of CBF(32 increased the RUNX3 level 
and PIAS1 -mediated RUNX3 sumoylation (Figure 3g). The level of 
sumoylated RUNX3 was proportional to the level of RUNX3 
(Figure 3g). Our result suggests that CBFP2 does not interfere with 
PIAS1 -mediated RUNX3 sumoylation. 
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Figure 3. PI AS 1 -mediated sumoylation inhibits transactivation activity of RUNX3. (a) Myc-RUNXS, FLAG-SUM01 and HA-PIAS1 were 
transfected into HEK293 cells as indicated. The reporter activity of 6xOSE promoter luciferase was measured with a luminometer and 
normalized to that of pCMV-^-galactosidase, which was included as an internal control. ^P<0.05 by Student's f-test. (b) Myc-RUNX3-WT or 
l\/lyc-RUNX3-K148R were co-transfected with FLAG-SUMOl and HA-PIAS1 into HEK293 cells as indicated. The reporter activity of 6xOSE 
promoter luciferase was measured and normalized to that of pCMV-f>-golactosidase. ^P<0.05. (c) l\/lyc-RUNX3 was co-transfected with FLAG- 
SUMOl and HA-PIAS1 into HEK293 cells as indicated. The reporter activity of p2 /-promoter-luciferase (Chi et al}^) was measured and 
normalized to that of pCMV-^-galactosidase. *P<0.05. (d) l\/lyc-RUNX3 (WT) or Myc-RUNX3-K148R (KR) was co-transfected with FLAG-SUMOl 
and HA-PIAS1 into HEK293 cells as indicated. The levels of the expressed proteins and endogenous p21 were measured by IB. (e) Myc-RUNX3 
(red) or Myc-RUNX3-K148R (red) was expressed with or without HA-PIAS1 (green) in HeLa cells, and the subcellular localization of each protein 
was visualized by immunostaining. Nuclei were stained with DAPI. (f) Myc-RUNX3-WT and Myc-RUNX3-K148R were coexpressed with 
increasing amounts of FLAG-CBFP2 in HEK293 cells. The RUNX3-CBFP2 interaction was analyzed by IP and IB. (g) Fixed amounts of 
Myc-RUNX3-WT, HA-PIAS1 and FLAG-SUMOl were coexpressed with increasing amounts of HA-CBFP2 in HEK293 cells. RUNX3 sumoylation 
was analyzed by IP and IB. 



AKT1 stimulates RUNX3 sumoylation 

To investigate how PIAS1 -mediated RUNX3 sumoylation is 
regulated, we transfected HEK293 with Myc-RUNX3, HA-PIAS1 
and SUMOI. The cells were synchronized by serum starvation, and 
then treated with serum, epidermal growth factor, fibroblast 
growth factor or transforming growth factor-pi for 3 h. IB analysis 
revealed that serum, epidermal growth factor or fibroblast growth 
factor increased RUNX3 sumoylation, whereas transforming 
growth factor-pi did not, suggesting that mitogenic signals 
stimulate RUNX3 sumoylation (Figure 4a). 



We then examined the effect of ERK1/2 and AKT1 on RUNX3 
sumoylation. Expression of ERK1 decreased RUNX3 sumoylation, 
whereas expression of ERK2 had no effect (Supplementary Figure 
S4A). In contrast, expression of FLAG-AKT1 increased RUNX3 
sumoylation in a dose-dependent manner (Figure 4b). To under- 
stand the involvement of kinase activity of ATK1 in the 
PIAS1 -mediated RUNX3 sumoylation, we expressed wild-type 
AKT1 (FLAG-AKT1-WT) or a kinase-defective AKT1 mutant 
(FLAG-AKT1-KD) with HA-PIAS1, FLAG-SUMOl and RUNX3 and 
measured RUNX3 sumoylation. The result revealed that the kinase 
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Figure 4. AKT1 stimulates RUNX3 sumoylation. (a) HEK293 cell were transfected with Myc-RUNX3, HA-PIAS1 and FLAG-SUM0 1, and then 
serum starved for 24 h. Cells were then treated with serum, epidermal growth factor (EGF; 1 |ag/ml), fibroblast growth factor (PGR; 30 ng/ml) or 
transforming growth factor-pi (TGPpi; 5 nivi) for 3 h. RUNX3 sumoylation was analyzed by IB. (b) Serially increasing levels of PLAG-AKT1 were 
coexpressed with Myc-RUNX3, HA-PIAS1 and PLAG-SUM01 in HEK293 cells, and RUNX3 sumoylation was analyzed by IB. (c) HEK293 cells were 
transfected with HA-PIAS1 and PLAG-SUM01 and treated with si-AKTI (lOOnivi). Two independent S/-AKT1 RNAs (#1 and #2) were used. 
Sumoylation of endogenous RUNX3 was detected by IP with anti-RUNX3 antibody (5G4) and IB with anti-FLAG antibody, (d) Amino-acid 
sequence around the RUNX3 sumoylation site (K148) was compared with that of RUNX2. The AKT1 phosphorylation sites of RUNX2'^^ are 
indicated by arrows. The phosphorylation sites were mutated in RUNX3 to obtain RUNX3-T151,153A and RUNX3-T151,153E. RUNX3-WT, 
RUNX3-T151,153A or RUNX3-T1 51,1 53E was coexpressed with HA-PIAS1 and FLAG-SUMOl in HEK293 cells, and RUNX3 sumoylation was 
analyzed by IB. (e) RUNX3-WT, RUNX3-T151,153A or RUNX3-T151,153E was coexpressed with FLAG-CBFP2 in HEK293 cells, and the RUNX3- 
CBFP2 interaction was analyzed by IP and IB. 



activity of AKT1 is required for the increase in RUNX3 sumoylation 
(Supplementary Figure S4B). Similarly, RNAi-mediated knockdown 
of AKT1 decreased PIAS1 -mediated sumoylation of endogenous 
RUNX3 (Figure 4c). These results suggest that the AKT1 pathway 
stimulates RUNX3 sumoylation. 

Because RUNX2 is phosphorylated by AKT1 at Ser/Thr residues"^^ 
that are evolutionarily conserved among the RUNX family 
members and are close to the sumoylation site (Figure 4d), we 
investigated whether AKT1 physically interacts with RUNX3 and 
stimulates PIAS1 -mediated RUNX3 sumoylation through phos- 
phorylation. Coexpression of AKT1 and serially deleted RUNX3, 
followed by IP and IB analysis, revealed that AKT1 interacts with 
RUNX3 via the Runt domain (Supplementary Figure S4C). We then 
mutated the putative AKT1 phosphorylation sites (ThrlSI and 
Thr153) of RUNX3 to Ala or Glu and examined whether the 
mutated proteins could heterodimerize with CBFP2 and become 



sumoylated. Mutations of ThrlSI and Thr153 (to either Ala or Glu) 
markedly reduced both heterodimerization with CBFP2 and PIAS1- 
mediated sumoylation relative to that of wild-type RUNX3 (Figures 
4d and e). Unexpectedly, phosphomimicking mutations (ThrlSI 
and Thr153 to Glu) failed to enhance PIAS1 -mediated sumoylation. 
It is unclear why the phosphomimicking mutant failed to enhance 
sumoylation. We speculate that AKT1 may phosphorylate 
additional Ser/Thr residues and phosphomimicking mutations on 
ThrlSI and Thr153 are not enough for enhancing sumoylation. 
Take together, these results suggest that AKT1 stimulates PIAS1- 
mediated RUNX3 sumoylation by phosphorylating RUNX3. 

Sumoylation could be associated with the regulation of 
tumor-suppressor activity of RUNX family members 

RUNX1 plays important roles in hematopoiesis, and its functional 
dysregulation leads to leukemia. Specific mutations of RUNX1 
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(R139Q, G141E and R142K) are frequently found in breast 
cancer.^'^ Because these mutation sites are near the sumoylation 
site of RUNX1 (K144), we asked whether these mutations affect 
RUNX1 sumoylation. The R142K mutation did not affect RUNX1 
sumoylation; however, the R139Q and G141E mutations markedly 
reduced RUNX1 sumoylation (Figure 5a). The R142K mutation, 
which does not affect RUNX1 sumoylation (Figure 5a), is known to 
abrogate heterodimerization with CBFp.^^ Therefore, the three 
mutants might have lost their tumor-suppressor activity for 
different reasons: namely, impaired SUMOylation (RUNX1-R139Q 
and RUNX1-G141E) or impaired heterodimerization with CBFP 
(RUNX1-R142K). 

To understand the role of sumoylation in the tumor-suppressor 
activity of RUNX3, we established derivatives of the IV1KN28 gastric 
cancer cell line stably expressing wild-type RUNX3 (RUNX3-WT) or 
RUNX3-K148R (Figure 5b). IV1KN28 cells overexpressing RUNX3-WT 
grew more slowly than the control IV1KN28 cells (that is, MKN28 
cells stably transfected with empty vector). However, expression of 
RUNX3-K148R did not significantly affect the growth of the cells 
(data not shown). We previously showed that IV1KN28 cells form 
rapidly growing tumors, and that tumor growth can be reduced 
by stable expression of exogenous RUNX3-WT.^^ Therefore, we 
subjected cells expressing RUNX3-K148R to a tumorigenesis assay 
in nude mice. When inoculated into nude mice, RUNX3-WT- 
expressing IV1KN28 tumors grew more slowly than tumors derived 
from control MKN28 cells. In contrast, RUNX3-K148R-expressing 



IV1KN28 tumors grew faster than those of control cells (Figure 5c). 
At 25 days after injection, the tumors were removed from the 
mice and individually weighed. Whereas RUNX3-WT tumors 
weighed ~75% as much as control tumors (25% reduction), 
tumors originating from RUNX3-K148R cells weighed 436% as 
much as the vector controls (Figures 5d and e). Thus, tumor 
growth was markedly promoted by RUNX3-K148R, but suppressed 
by RUNX3-WT. 



DISCUSSION 

In this study, we identified dPias/PIAS1 as a novel Iz/RUNX- 
modifying enzyme in a fly mutant library screen. Furthermore, we 
showed that dPias/PIAS1 sumoylates Iz/RUNXs at K144 of RUNX1, 
K1 87 of RUNX2, K148 of RUNX3 and K372 of Iz. Sumoylation of all 
the tested RUNX family members and the sequence conservation 
around the sumoylation sites suggest that dPias/PIAS1 -mediated 
RUNX sumoylation is evolutionarily conserved from flies to 
humans. 

SUMO modification of transcription factors can lead to 
transcriptional activation but is more often associated with 
transcriptional repression.^^ We found that SUMOI modification 
inhibits transactivation activity of RUNX3: overexpression of 
SUMOI and PIAS1 led to decreased RUNX3-dependent 
transcriptional activity. This decrease was dependent on SUMOI 
modification of RUNX3, as SUM01/PIAS1 overexpression did not 
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Figure 5. Sumoylation regulates tumor-suppressor activity of RUNX family members, (a) Amino acid sequence around the RUNX3 sumoylation 
site (K148) was compared with that of RUNX1. The sites of RUNX1 mutations identified in breast cancers (R139Q, G141E and R142K) are 
indicated by arrows. Each of the mutated RUNX1 cDNAs was coexpressed with HA-PIAS1 and FLAG-SUM01, and RUNX1 sumoylation was 
analyzed by IB. (b) Myc-RUNX3-WTand Myc-RUNX3-K148R were stably transfected into MKN28 gastric cancer cells that do not express RUNX3. 
Expression of the transfected genes was detected by IB with anti-RUNX3 antibody (5G4). (c) Tumorigenicity of MKN28 cells containing vector 
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One mouse injected with RUNX3-WT did not bear detectable tumors, (e) The weights of the tumors were measured at the end of the 
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influence the transcriptional activity of RUNX3-K148R. Two general 
models have been proposed concerning the mechanisms 
underlying the functional alteration of proteins by SUMO. 
The first and most obvious idea is that a SUMO-protein 
conjugate could acquire altered affinity for a particular ligand.^^ 
In the second model, SUMO ligation to a substrate blocks 
attachment of ubiquitin (or another ubiquitin-like protein) to 
the same substrate, possibly by competing for the same lysine 
residue.'^^ Notably in this regard, K148 of RUNX3 can also 
be modified by MDM2-mediated ubiquitination.^^ Because the 
physiological significance of protein sumoylation is not fully 
understood, further study will be required to reveal how SUMO-1 
modification inhibits the transcriptional activity of RUNX3. 

Whereas dPias and Iz positively cooperated in inducing a rough- 
eye phenotype in Dmsophila, the transactivation activity of RUNX3 
was inhibited by PIAS1 in mammalian cells. The results from 
Drosophila and mammalian cells are discordant in this respect. 
However, genetic experiments in Drosophila revealed that runt 
domain transcription factors function both to activate and to 
repress transcription of different downstream target genes.^° 
In addition, an appropriate level of Iz activity is important for the 
development of an appropriate type of sense organ; for instance, 
both an increased level and a decreased level of Iz activity can 
lead to a rough-eye phenotype (Gupta et al.^^). Therefore, the 
results of the fly genetic analysis that we used in this study may 
suggest that overexpression of dPias positively cooperates in 
inducing a rough-eye phenotype by enhancing the repressor 
activity of Iz. 

In most situations, the proportion of a particular transcription 
factor that is SUMO modified at steady state is small. Similarly, 
only a small fraction of RUNX3 is sumoylated.^^ Nevertheless, 
RUNX3 was maximally repressed by SUMO-1 and PIAS1, and 
mutation of the sumoylation site fully relieved this repression, as 
with other sumoylated transcriptions factors. To explain this 
phenomenon, it has been proposed that a transcription factor can 
be sumoylated and incorporated into a repression complex, after 
which the SUMO is deconjugated but the transcription factor 
remains within the repression complex.^^ We speculate that the 
transactivation activity of RUNX3 might be inhibited through the 
same mechanism. 

Protein functions are often regulated by interplay between 
different modifications. For example, some proteins are subject to 
phosphorylation-dependent sumoylation, such as heat-shock 
factors, GATA-1 and myocyte enhancer factor 2 (MEF2), all of 
which have the ^KxExxSP motif.^^ Within this motif, serine 
phosphorylation may contribute to sumoylation of lysine. 
Although RUNX3 lacks the ^KxE motif, it has multiple Ser/Thr 
residues followed by sumoylation that are phosphorylated by 
AKT1 (Figure 4d). We found that growth factor (epidermal growth 
factor and fibroblast growth factor) stimulation or overexpression 
of AKT1 increased RUNX3 sumoylation, whereas mutations of the 
AKT1 phosphorylation site of RUNX3 decreased RUNX3 sumoyla- 
tion. These results suggest that growth factor-stimulated AKT1 
promotes RUNX3 sumoylation. 

Inactivation of RUNX family members has been observed 
frequently in multiple tumor types. For example, RUNX1 is 
frequently mutated in leukemia and breast cancer, and RUNX3 
expression is frequently inactivated by DNA hypermethylation in 
various cancers including gastric cancer.^^'^^'^"^ Furthermore, some 
RUNX1 mutants found in breast cancer are not sumoylated by 
PIAS1, implying that sumoylation is associated with tumor- 
suppressor activity. Notably in this regard, our tumorigenesis 
assay revealed that a sumoylation-defective mutant of RUNX3 
(RUNX3-K148R) lacks tumor-suppressor activity: ectopic expression 
of RUNX3-K148R in the MKN28 gastric cancer cell line promoted 
tumor growth in nude mice. This result suggests that SUM01 
conjugation may play a role in regulation of the tumor-suppressor 
activity of RUNXs. 
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Unexpectedly, the RUNX3-K148R mutant did not just lose its 
tumor-suppressor activity, but it also gained very strong 
oncogenic activity. Although we do not understand the reason, 
we have previously reported a similar phenomenon with a 
RUNX3-R122C mutant identified in a gastric cancer patient; 
overexpression of the RUNX3-R122C mutant markedly increased 
tumorigenecity of the MKN28 gastric cancer cell line (Li et al.^^). 
We speculate that RUNX3 may suppress some, as yet unidentified, 
survival factors and induce pro-apoptotic factors. Further analysis 
is required to identify the survival factors repressed by sumoylated 
RUNX3. 

Although the functions of RUNXs in tumorigenesis have been 
extensively studied,^^ regulation of their tumor-suppressor 
activities is not yet fully understood. Our results suggest that 
sumoylation might be one of the mechanisms involved in the 
regulation of RUNX tumor-suppressor activity. This interpretation 
is supported by the observations that epidermal growth factor 
receptor signaling is controlled by negative feedback regulation 
and that failure of this negative regulation is associated with 
diverse tumor types.^"^ In this context, it is worth mentioning that 
both RUNX3 and PIAS1 are involved in this negative regulation.^"^ 
Therefore, it is likely that epidermal growth factor/AKTI pathway- 
triggered RUNX3 sumoylation, which leads to inhibition of RUNX3 
transcriptional activity, might be associated with negative 
feedback regulation. Although our results suggest that 
sumoylation at K148 could regulate the tumor-suppressor 
activity of RUNX3, K148 is also modified by acetylation and 
ubiquitination,^^ and hence it is possible that other types of 
modification at the site could also be involved in regulation. 

In this study, we showed that RUNX family members are 
sumoylated by PIAS1 isoforms, and demonstrated that this 
modification could control the tumor-suppressor activity of 
RUNXs. Our results reveal a previously unknown RUNX modifica- 
tion that is critical for the regulation of RUNX activities. 



MATERIALS AND METHODS 

Fly strains and crosses 

The pUAST-RUNX3 plasmid was constructed by subcloning the entire 
coding region of RUNX3 (Q1 3761-1) into pUAST, and then used to 
generate /?L/A/X3-overexpressing transgenic flies {UAS-RX3). The Iz^ fly line, 
various Gal4 lines such as heat-shock^°- and GM/?-Gal4 and all other UAS 
lines were obtained from Bloomington Stock Center (Bloomington, IN, 
USA). The fly lines v29448, v31625 and v32956 were obtained from Vienna 
Drosophila RNAi Center (Vienna, Austria). The EP GenExel library used in 
the screening was obtained from the BioMedical Research Center of the 
Korea Advanced Institute of Science and Technology (Taejon, Korea). UAS- 
Iz fly was kindly provided by U Banerjee (University of California, Los 
Angeles, CA, USA). Drosophila stocks were maintained and cultured using 
standard cornmeal-yeast-agar medium at 25 °C. 

A fly mutant library screening 

Using eye-specific GM/?-driven UAS-RUNX3 transgenic flies [GMR> RUNXS) 
that exhibit a rough-eye phenotype, ~ 20 000 independent fly lines from 
the GenExel fly mutant library were screened,^^ each of which possesses 
an EP element randomly inserted into its genome via mobilization of a 
transposable element. Double-mutant flies were obtained by 
crossbreeding each of the mutant flies with GMR> RUNXS flies, and the 
eye phenotypes of the progeny flies were analyzed. Fly lines exhibiting 
increased or reduced expression of the rough-eye phenotype were chosen 
and crossed again with GMR> UAS-lz flies, and ultimately candidate EP 
lines were selected. 

PGR primers, small interfering RNAs and antibodies 
Primers used in Reverse transcriptase-PCR were as follows: dPias: 5'-AT 
GGTGCAGATGCTTCGAGTGGTC-3' and 5'-CAGGCAAAAGCGCAGTTGAACCT 
G-3'; rp49: 5'-CACCAGTCGGATCGATATGC-3' and 5'-CACGTTGTGCACCA 
GGAACT-3'. AKT1 -specific or PIAS1 -specific small interfering RNAs were 
purchased from Bioneer Co. (Daejeon, Korea): AKT1 #1 sense, 5'-GACAA 
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CCGCCAUCCAGACU-3'; AKT1 #1 antisense, 5'-AGUCUGGAUGGCGGUUGU 
C-3'; AKT1 #2 sense, 5'-CCUUUUCGACGCUUAACCU-3'; AKT1 #2 antisense, 
5'-AGGUUAAGCGUCGAAAAGG-3'; PIAS1 #1 sense, 5'-AAGGUCAUUCU 
AGAGCUUUA-3'; PIAS1 #1, antisense 5'-UAAAGCUCUAGAAUGACCUU-3'; 
PIAS1 #2 sense, 5'-CGAAUGAACUUGGCAGAAA-3'; PIAS1 #2 antisense, 
5'-UUUCUGCCCAAGUUCAUUCG-3'). Anti-Myc polyclonal (A-14), anti-Myc 
(9E10) monoclonal and anti-RUNX3 polyclonal (H-50) antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Anti-RUNX3 monoclonal (5G4) antibody was purchased from Abeam 
(Cambridge, UK). The anti-FLAG (IV12), anti-AKTI, anti-PIASI and 
anti-tubulin antibodies were purchased from Sigma (St Louis, MO, USA). 
The Alexa Fluor 488 anti-mouse and Alexa Fluor 594 anti-rabbit antibodies 
were purchased from Molecular Probes (Invitrogen, Carlsbad, CA, USA). 
DAPI (4',6-diamidino-2-phenylindole) was purchased from Sigma. 

Piasmld constructs 

The vectors expressing full-length RUNX3 {Myc-RUNX3) and RUNX deletion 
mutants fused to the Myc-epitope tag were constructed using the 
cytomegalovirus promoter-derived mammalian expression plasmid 
pCS4-3Myc The cDNAs encoding human PIAS and SUMO isoforms were 
generated by PCR and then subcloned into the pCS4 vector to generate 
constructs for expression of HA-tagged PIAS1, PIAS2a, PIAS2b, PIAS3, 
PIAS4 and FLAG-tagged SUM01, SUM02 and SUM03. Drosophila Pias 
(NM_001201959) and Drosophila Sumo (NM_058063.4) cDNAs were 
generated by PCR and then subcloned into the pCS4 vector to generate 
HA-dPias and FLAG-dSumo. Plasmids for expression of point mutants of Iz, 
RUNX family members, dPias and PIAS1 were made by site-directed 
mutagenesis, and mutations were confirmed by DNA sequencing. 

Cell culture and DNA transfection 

HEK293 and HeLa cells were maintained in Dulbecco's modified Eagle's 
medium supplemented with 10% fetal bovine serum and 1% penicillin/ 
streptomycin (Invitrogen, Carlsbad, CA, USA), and MKN28 cells were 
maintained in RPMI-1640 medium with the same supplements. Transient 
transfections were performed using Lipofectamine Plus reagent (Invitro- 
gen) according to the manufacturer's instructions. 

Co-immunopreclpltatlons 

Cells were lysed in 20mivi Tris-HCI (pH 7.4), 5 mivi EDTA, lOmivi Na2P207, 
lOmM NaF, 2mivi Na3V04, 1 mivi phenylmethylsulfonyl fluoride, 1% Nonidet 
P-40 and 1 x protease inhibitor mixture (Roche Applied Science, Basel, 
Switzerland). Cell lysates were incubated with the appropriate primary 
antibody for 2 h at 4°C, and then with protein A/G-Sepharose for the next 
hour. Bound proteins were eluted by boiling, and then subjected to 
SDS-polyacrylamide gel electrophoresis followed by immunoblot analysis. 

Immunoblot analysis 

HEK293 cells were transiently transfected with the indicated expression 
plasmids, and cell extracts were prepared 24 h post transfection. Extracts 
were separated by SDS-polyacrylamide gel electrophoresis, and proteins 
were transferred electrophoretically to nitrocellulose membranes. 
Membranes were probed with the appropriate polyclonal or monoclonal 
primary antibody, followed by horseradish peroxidase-conjugated 
anti-rabbit, anti-mouse or anti-goat immunoglobulin G. Immunoreactive 
proteins were visualized by chemiluminescence according to the 
manufacturer's instructions (Pierce, Rockford, IL, USA). Images of the 
immunoblots were acquired using an LAS-3000 mini imaging system 
(Fujifilm, Tokyo, Japan). 

Immunofluorescence staining 

HeLa cells were grown on 22 mm cover slips (Fisher, Waltham, MA, USA) 
and then transfected with the indicated expression vectors. Cells were 
washed with phosphate-buffered saline, and then fixed in a solution of 4% 
formaldehyde for 15min at room temperature. Cells were incubated for 
45min in a solution of 10% fetal bovine serum in phosphate-buffered 
saline containing 0.1% Triton X-100, followed by incubation overnight at 
25 °C with the indicated primary antibody, and then for 1 h at 25 °C with 
Alexa Fluor 488 anti-mouse or Alexa 594 anti-rabbit antibody. The cells 
were then stained with DAPI for 7min. Cells were examined with a Leica 
TCS-NT laser scanning confocal microscope (Leica, Wetzlar, Germany) using 
an oil-immersion objective lens and the appropriate emission filters, 
settings and controls to exclude bleed-through effects. 
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Nude mouse xenograft model 

Four- to five-week-old male athymic nude {nu/nu) mice were maintained 
at Chungbuk National University (Cheongju, South Korea) in accordance 
with the guidelines of the Chungbuk Animal Resource Center. MKN28 
stable cell clones were suspended in sterile phosphate- buffered saline at a 
concentration of 2 x 10^200 |il and injected subcutaneously into the 
flanks of individual nude mice. After transplantation, tumor size was 
measured using calipers, and tumor volume was estimated according to 
the following formula: tumor volume (mm^) = /.x where L is the 
length and W is the width. 
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